ABSTRACT
INTRODUCTION
Nowadays, for cost and pollution reasons, the development of new vehicles is strongly driven by a research of fuel consumption reduction. One interesting way for such fuel economies is the replacement of current hydraulic power steering by EPAS using high power Brushless DC (BLDC) motors. The typical fuel economy realized by shifting from a hydraulic power steering to an EPAS is about 5 percent. With the improvement of the BLDC motor structures and the increase of the electric power available with batteries, the market shares of EPAS should grow quickly in the next few years [1] .
In order to drive efficiently the BLDC motor, the ECU requires accurate information on the torque applied by the driver to the steering wheel. This torque signal usually comes from the shift measurement between two shafts linked by a linear torsion bar. The main concern in this measurement is due to the fact that these shafts are also rotating with the steering wheel and the integration of electronic on rotating parts is definitely a blocking point. An example of BLDC motor and torque sensor typical integration on the steering column is shown on the following drawing. The BLDC exerts its torque to the steering column through a worm gear mechanism.
Figure 1: Electric Power Steering
Moving Magnet Technologies (MMT) has developed an innovative low cost structure answering all the requirements of torque sensing for EPAS. This torque sensor is based on a non-contact Hall effect principle and uses standard programmable Hall ASICs available on the market. MMT has applied for two patents regarding first a basic structure of this torque sensor and then an optimized design [2] [3] . These torque sensor designs are presented hereafter. 
BASIC DESIGN AND SENSOR PRINCIPLE
The MMT torque sensor basic structure is shown hereafter.
Figure 2: Exploded view of the MMT torque sensor
This sensor is made up of the following sub-assemblies:
• The rotor (grey and red parts), fixed on one rotary shaft of the steering column, is made by a plurality of permanent magnets fixed on a soft ferro-magnetic yoke.
• The stators (blue and yellow parts) are fixed on the second rotary shaft of the steering column, linked to the first one by a torsion bar. These stators are fixed one toward the other. They are made of soft ferro-magnetic material. On these two first views of the torque sensor, the rotor is realized with magnets of the same polarity (red parts) alternated with ferro-magnetic areas from the yoke. This magnet configuration could be replaced by a more industrial ring magnet with alternated north and south poles on its surface as shown below. • N is the number of elementary sensors • Z is the axial dimension of the permanent magnet • S m is the measurement surface.
MMT has also developed some rules in order to size the angular length of the stator teeth according to the stroke to measure and the diameter of the steering column on which we will mount the sensor.
This first structure has convinced some automotive partners of MMT with its performances and we have started a new development phase in order to improve the sensor performances and use some lower-cost parts.
DESIGN IMPROVEMENT TO AN OPTIMIZED AUTOMOTIVE SENSOR DESIGN
In order to increase the flux in the measurement slot, a good solution is to collect the flux from the stator with stationary ferro-magnetic parts, and then concentrate this flux on the Hall ASIC with a reduced surface measurement slot. These parts are shown in the figure below. The second modification on the stator shape has been done on the shape of the teeth. Indeed, in our first design, the stator teeth were overlapping the magnet on their axial direction. In order to optimize the axial dimension of the sensor, the collection area of one stator (disc area) was axially close to the end of the teeth of the other stator. In this proximity area between both stators, flux leakage was occurring. Some 3D simulations and prototype measurements have shown that shortening the teeth of the stator involves an increase of the flux variation in the measurement slot without any deterioration of other sensor performances. 3D simulation has also shown that the closer we are from the stator flux integration disc area, the higher is the induction and so the leakage from one tooth to the next one on the other stator. In order to increase the cross section of the teeth when the flux density increases (decrease of the induction in the teeth), we have designed some trapezoidal shape teeth. We have also validated this shape modification of the teeth with 3D magnetic simulations and prototype measurements. The combination of these two modifications of the teeth shape leads to a 12% output signal increase in the measurement slot. Figure below shows the evolution of the stator shape.
Figure 9: Teeth shape modification
These stator shape modifications lead to a part which could be stamped and formed easily and which allows a large saving in weight as compared with previous design (typically about 50%).
Today, MMT optimized torque sensor design for steering column application is shown on the figure below: 
PROTOTYPES MEASUREMENT RESULTS
Based on this optimized torque sensor, MMT has developed a family of designs with the same overall dimensions (magnet: OD=37.5 mm, ID=34.75mm, L=8mm) for strokes of +/-8°, +/-4°, +/-1°. In order to adapt the prototypes to the stroke, we have played on the stator teeth shape and number.
In this paper we will focus on the measurement results for the +/-8° stroke prototype. A table in appendix A gives a summary of these typical measurement results for the complete sensor family.
MEASUREMENT RESULTS ON +/-8°
The figures hereafter will show the output signal of this prototype, the non-linearity and hysteresis measurements, the output signal stability on one turn on mid-stroke position (no torque) and on end-stroke position (maximum torque). On the measured prototype, the radial air gap between magnet and stator teeth is 0.5 mm. It is possible to increase this mechanical gap in order to decrease the influence of the radial shift if required.
The performances of these prototypes are suitable with the requirements of automotive industry for EPAS.
SENSOR INTEGRATION ON THE APPLICATION
A first solution for the integration of the sensor is an integration of the sensor parts directly on the steering column. This first integration will be preferred by automotive suppliers who deliver the complete steering column assembly. The other possible integration of this sensor is the realization of a stand-alone sensor in a cassette design. This second integration will be preferred by automotive suppliers who supply the sensor to steering column manufacturer. 
CONCLUSION
For the torque sensor technology presented in this paper, we have identified the following advantages and benefits:
• Hall effect patented non-contact design.
• Angular shift measurement between two rotary parts with a stationary electronic.
• Measurement of small angular displacement (down to +/-1°) with field density variation compatible with current ASICs • Low parts number ⇒ Easy to industrialize • Parts with design easy to manufacture ⇒ Low cost design.
• Possible redundant design • Possibility to integrate the sensor parts directly in the column housing or to deliver it separatly as a stand-alone unit (cassette design).
• Parts adjustable to the stroke to measure. These advantages have lead to successful collaboration with automotive suppliers involved in EPAS development.
MMT is still improving its design, for example with coupling this torque information with position information.
